INTRODUCTION
Diadenosine 5',5'"-P',P4-tetraphosphate (Ap4A) is synthesized in all cells from ATP by aminoacyl-tRNA synthetases and is found at basal concentrations ranging from 0.05 to 5 ,M [1, 2] . Since the concentrations of Ap4A and related nucleotides, such as diadenosine 5',5"'-P1,P3-triphosphate (Ap3A), increase after exposure of cells to various metabolic stresses, they have been implicated in the regulation of the cellular response to such stresses [3, 4] . A possible role in DNA replication has also been proposed [5] . Alternatively, Ap4A may be an inevitable byproduct of the activation step of protein synthesis which must be degraded before it accumulates to levels that are either wasteful of ATP or are potentially toxic, through interaction with important adenine nucleotide-binding proteins such as protein kinases. Extracellularly, it is evident that Ap4A and other diadenosine polyphosphates are important signalling molecules in the cardiovascular and nervous systems [6, 7] .
Intracellular accumulation is prevented (or regulation achieved) by specific catabolic enzymes [8] . All prokaryotes studied so far possess an Ap4A (symmetrical) pyrophosphohydrolase (Ap4A --ADP+ADP; EC 3.6.1.41) of approx. 33 kDa. The apaH genes of Escherichia coli and Klebsiella aerogenes have been cloned and sequenced [9, 10] . Among the lower eukaryotes, the acellular slime mould Physarum polycephalum also has a symmetrically-cleaving hydrolase [11] . However, the fission yeast Schizosaccharomyces pombe has an Ap4A (asymmetrical) pyrophosphohydrolase (Ap4A AMP + ATP; EC 3.6.1.17), which is a dimer of a 22 kDa polypeptide [12] . All other lower eukaryotes studied so far have a quite distinct enzyme, namely a reversible Ap4A phosphorylase (Ap4A + Pi ATP+ADP; EC 2.7.7.53) [8] .
Saccharomyces cerevisiae has two phosphorylases, namely the 36-38 kDa apal and apa2 gene products, both of which have been cloned and found to share 600% sequence identity [13, 14] .
the MutT sequence motif found in certain nucleotide pyrophosphatases. It is unrelated to the enzymes of diadenosine tetraphosphate catabolism found in prokaryotes and fungi.
The apa2 gene from Kluyveromyces lactis has also been sequenced [15] . Curiously, certain green algae, e.g. Scenedesmus obliquus, have an asymmetrical Ap4A hydrolase in addition to Ap4A phosphorylase [16] .
In contrast to this variable pattern among lower eukaryotes, higher eukaryotes (vertebrates, invertebrates and plants) all appear to possess a single, 16-21 kDa Ap4A (asymmetrical) pyrophosphohydrolase [8, [17] [18] [19] . Here we report for the first time the cDNA and derived amino acid sequences of such an enzyme: the human Ap4A hydrolase. Unlike any of the other enzymes it possesses a modification of the signature motif characteristic of the recently described 'MutT family' of nucleotide pyrophosphatases [20] .
EXPERIMENTAL Materials
Sequencing-grade endoproteinase Glu-C and trypsin were from Sigma. cDNA clone 108448 was obtained from the IMAGE Consortium of the Human Genome Center at the Lawrence Livermore National Laboratory, Livermore, CA, U.S.A. Twodimensional-SDS/PAGE standards were from Bio-Rad. Sequenase sequencing kit was from Amersham International.
Sequencing of peptides
Ap4A hydrolase was purified from human placenta by chromatography on DEAE-Sephacel, Ultrogel AcA44 and Procion Red-P3BN-Sepharose as previously described [17] . Activity was monitored using a luminometric assay [18] . The final fraction, containing about 40-80,ug of protein, was freed from minor contaminants by reversed-phase chromatography on a Bio-Rad HiPore C4 column (250 mm x 4.6 mm) at 1 ml/min using the following solvent system: 0%4000 B at 3 %/min, 40 were generated by liquid-phase digestion [22] and separated as described above. All peptides were concentrated, dried on to Polybrene-GF/C discs then sequenced using an Applied Biosystems 471 A protein sequencer.
DNA manipulation and sequencing
Clone 108448 was isolated at random from a normalized cDNA library [23] constructed from the liver and spleen of a 20-week post-conception male foetus. First-strand cDNA was primed with a PacI-oligo(dT) primer (5'-AACTGGAAGAATTAATT-AAAGATCTTTTTTTTTTTTTTTTTTT-3'). Double-stranded cDNA was ligated to EcoRI adaptors, digested with Pacl, cloned into the EcoRI and Pacl sites of a pT7T3 phagemid vector (Pharmacia, modified to include a Pacl site in the polylinker) with the 5' end of the cDNA at the EcoRI site, and amplified in E. coli host strain DH1OB. Clone 108448 was re-cloned in strain DH5a and DNA prepared by standard methods. Automated Taq cycle sequencing of both strands of the plasmid was performed twice on an Applied Biosystems 373 DNA sequencer using 1 tg of plasmid DNA and 20 ng each of three different sets of primers: (i) T3 (5'-AATTAACCCTCACTAAAGGG-3') and M1 3 (5'-GTAAAACGACGGCCAGT-3') vector primers; (ii) 5'-ACCATGGCCTTGAGAGCA-3' and 5'-CCAGTCAGCTC-AGGCCTC-3', which overlap the putative start and stop codons of the coding sequences identified in expressed sequence tags (ESTs) T77765 and T77766 respectively; and (iii) 5'-TGCAGG-CATCAGATGGCA-3' and 5'-TTGAACTGAGCCAACTGG-3', which are located towards the 3' and 5' ends respectively of the coding sequences identified in ESTs T77765 and T77766. The sequence of the coding region was confirmed three times by manual sequencing of both strands with primer sets (ii) and (iii) and a Sequenase kit.
RESULTS AND DISCUSSION
Homogeneous human placental Ap4A hydrolase was found to comprise two major and two minor isoforms of approx. 18 kDa when analysed by two-dimensional gel electrophoresis, the two major species having pl values of 5.45 and 5.65 (Figure 1, inset) . Since the human enzyme was previously sized at 17.5, 18 and 19.2 kDa [8, 17] , an accurate molecular mass was determined by electrospray MS. to aid sequence identification. The spectrum revealed two major species with masses 16824 + 8 and 16743 + 5 Da (Figure 1 ). The higher values estimated by SDS/ PAGE must be due to anomalous electrophoretic migration of the protein.
In order to determine the amino acid sequence of the enzyme, tryptic and Glu-C peptides were generated and sequenced. peptide sequences derived previously. Given the measured sizes and pl values of the major species in the enzyme preparation, this ORF clearly represents the human Ap4A hydrolase. The smaller of the two species probably lacks the C-terminal alanine residue (78 Da). The initial ATG codon of this ORF is in the highly favourable initiation context ACCATGG, while the ATG of the upstream ORF is in the unfavourable CACATGC context [25] . Short ORFs are often found upstream of eukaryotic genes and, given the poor initiation context of its ATG, this ORF is unlikely to be translated, although its presence may reduce the translational efficiency of the downstream ORF [25] . Near the 3' end of the cDNA there is a typical polyadenylation signal (AATAAA).
A search of the BLOCKS database of ungapped conserved sequence segments [26] bulky aliphatic residue and & is a bulky hydrophobic residue [20] . The human Ap4A hydrolase has T in place of & ( Figure 3) . The E. coli protein MutT is a nucleoside triphosphate pyrophosphohydrolase with a strong preference for the potentially mutagenic substrate 8-oxo-7,8-dihydro-2'-deoxyguanosine 5'-triphosphate (8-oxo-dGTP) [27] . Genes for corresponding proteins have been cloned and sequenced from other organisms, including humans, and possess the same motif [28, 29] . Furthermore, a number of other proteins share this motif, including two pyrophosphohydrolases from E. coli, Orfl7 (which prefers dATP) and Orf257 (which prefers NADH, but also degrades Ap4A [28, 30, 31] ), several related viral gene products, e.g. the putative D250 protein of African-swine-fever virus [20, 32] , a putative protein encoded by the antisense RNA of human and Xenopus laevis basic fibroblast growth factor (bFGF) [33, 34] and the putative invasion protein lalA of Bartonella bacilliformis [35] ( Figure 3 ). These sequences were aligned using the multiple sequence alignment program CLUSTAL W [36] . Between residues W38 and 165, the Ap4A hydrolase shares 43 % sequence identity with the E. coli MutT, Orf17, Orf257 and human 8-oxodGTPase proteins and 560% identity with the human bFGF antisense product. The occurrence of T in place of & in the MutT domain is not unique to human Ap4A hydrolase. The Arabidopsis EST GBGa462 also has T in place of & (Figure 3 ), suggesting that a hydrophobic residue in this position is not as essential as has been suggested from NOESY of MutT-nucleotide complexes [37] . It remains to be determined whether this EST also encodes an Ap4A hydrolase.
NMR secondary-structure measurements for the conserved domain in MutT have shown that it comprises an a-helix flanked by two loops [38, 39] . A predictive analysis [40, 41] coli MutT protein and 8-oxo-dGTP [42] . Previous studies have shown that water attacks the a-phosphorus atoms in Ap4A [43, 44] .
No other motifs common to Ap4A hydrolase and the other MutT domain-containing proteins as a group were found by BLOCKS or CLUSTALWI However, a comparison of the Ap4A hydrolase and the E. coli MutT protein with the PROTOMAT block maker using both the MOTIF and the Gibbs algorithms to search for common sequences [45] revealed two other homology blocks: (i) 80LNYVARNKPKTVIYWLAE97, with 33 % identity with (exact correspondence), and 72 % similarity to (conservative substitution), the MutT sequence 71LEYEFPDRHITLWFW-LVE88; and (ii) 98EHQAYRWLGL107, with 40 % identity with, and 50 % similarity to, the MutT sequence xxoEGQPGEW-MSL'19. As matches are considered to be significant when detected by both algorithms used by PROTOMAT [45] , this strengthens the relationship between these two enzymes.
Similar sequence comparisons with the prokaryotic symmetrically cleaving Ap4A hydrolases and fungal Ap4A phosphorylases showed no significant similarities to the human Ap4A hydrolase. Neither of these Ap4A-degrading enzymes has a MutT domain. It appears that prokaryotes, lower eukaryotes and higher eukaryotes have arrived at separate solutions for the elimination and/or regulation of Ap4A. Thus, it will clearly be of interest to determine the sequences of the specific Ap3A hydrolases found in lower and higher eukaryotes [8, 19, 46, 47] . The availability of sequence information on the human Ap4A hydrolase will also permit its relationship to ectoenzymes involved in extracellular dinucleoside polyphosphate metabolism to be determined.
Finally, the present study highlights the value of the rapidly expanding EST database in aiding the identification of new protein sequences.
